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In the period of February 1, 1971 through January 31, 1976

'7. this grant supported our experimental and theoretical research
¢ concerning lunar surface prccesses and the nature, origin and
derivation of the lunar surface cover,
The principal research topics involved were:
1. Electrostatic dust motion and transport process
2. Seismological properties of fine rock powders in lunar
conditions

3. Surface processes that darken the lunar soil and affect
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the surface chemical properties of the soil grains

4. Laser simulation of micrometeorite impacts--estimation

of the erosion rate caused by the micrometeorite flux

5. The exposure history of the lunar regolith
6. Destruction of amino acids by exposure to a simulation

of the solar wind at the lunar surface.

These topics developed from long years of previous studies

of lunar processes and analyvsis of observational data. Some of

them invoived large-scale experimental research programs. Most
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of the laboratory observations were first made with rock powders
of similar physical and chemical properties as those of lunar
material. 1In the advanced phase of the experimental work, actual

lunar material was used in several projects, these were partially
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sponsored by another NASA grant: NGR 33-010-137.

In tnis short summary we will point out scme of our most
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important findings. Xerox copies of the abstracts of all the

publications resulting from this grant oresent a more detailed
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227ount of our achievements.




Many features on the lunar surface as observed Dy lunar pho-
tography evidenced transport processes of the soil. We had
studied a number of possible processes and decided to concentrate
on the experimental and theoretical investigation of the electro-
static effects. Experiments in which insulating powders were
bombarded with a few hundred eV energy electrons in vacuum were
highly successful. Electrostatic agitation of the grains under
these conditions produced a great variety of phenomena and interesting
surface patterns, very relevant to lunar observations. We explained
the observed agitation in terms of differential charging of the
neighboring grains and the resulting very intense local electric
fields, sufficient to mobilize the dust grains. We conducted a

thorough theoretical study of electrostatic dust motion and of

its applicability to lunar conditions with vary positive results.

We also made a systematic investigation of the behavior under
electron bombardment of various insulating powdars individually

and in mixtures. The final phase of this investigation included
actual lunar dust samples. A collection of both still photographs
and motion pictures of the observed dust motion and of the resulting
surface patterns was obtained. The comparison of the laboratory
photographs and those of the lunar surface shows striking similarities
in a number of cases. We also studied both experiliaentally and
theoretically the combined effects of a U.V. and electron flux

and draw conclusions for the lunar case. This work formed the main
body of the Ph.D. thesis of G.J. Williams--see the publication

list.
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Another topic relevant to the nature of the lunar surface
cover developed from the discussion of the lunar seismic signals
so different from those observed in the Earth. Gold and Soter
had shown cheoretically how a deep powder layer can give rise to
the general features of the lunar signals. We established an
experimental program in order to examine whether under lunar con-
ditions rock powders can exhibit the required seismic properties:
very low velocities for the acoustic waves and very low attenua-
tion. We measured the longitudinal wave velocity and Q of low
frequency acoustic signals in a variety of rock powders. The
measuremants were made under vacuum using a specially designed
and constructed apparatus in our laboratory. We demonstrated that
dry, lightly compacted rock powders exhibit very low velocities
and high Q and that the velocities increase sharply with compac-
tion. The value of the highest Q measured in the laboratory,
when extrapolated to the actual lunar conditions, gave support
to the Gold-Soter model.

The explanation of the optical properties cf the lunar surface,
and in particular its remarkably low albedo, had been a long-
standing research topic in our laboratory. We had demonstrated
that fine, iron-containing basalt powders, irradiated by 2 keVv
protons or x particles, in doses equivalent to a few tens of
thousands of years of solar wind flux on the lunar surface, approxi-
mate well thne optical properties of the Moocn.

During the years covered by this grant we built an Auger
electron spectrometer in our laboratory. With the help cf this
analytical tool we were able to correlate the surface chemical

changes caused by ion bombardment of rock powders with the changes
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in their optical properties. Most importantly we were able to
analyze the surface chemical composition of lunar dust and freshly
ground rock samples, the latter representing material unexposed

to lunar weathering. We demonstrated a consistent enrichment of
iron on the surface of the dust grains relative to the freshly
ground rock grains. We also showed a correlation between the albedo
of the lunar samples and their surface iron concentration. Indeed
the darkest lunar dust samples exhibited the largest surface iron
concentration.

We also demonstrated that lunar rock powder samples bc.ibarded
with protons or » particles in the laboratory, not only darken but
their surface iron concentration increases to the value observed
in lunar dust samples. Therefore we were able to give very strong
Support to the hypothesis that the solar wind is a major factor
in altering the surface chemical composition and the albedo of the
lunar dust cover. This is an important result for the discussion
of the chemical composition of the surface cover of other airless
bodies, since most of the available information is from optical
Observations.

The results of our laser experiments when combined with cosmic
ray erosion data on lunar rocks allowed us to estimate the amount
oI soil moved by micrometecrite "gardening". OQur figure agreed
within a factor of two with estimates by others based on Micro-
meteorite flux measurements. This strengthened the corresvondence

between cosmic ray erosion and micrometeorite flux estimates,




grains of
exposure,
implication

Oof these Statistics is that Pre-exposure of the grains in space

and/or during transit by some orderly process from the uplands

is required.

—causing event(s). We observed
that the beads exhibit an astatistically high prevalence of 3
single spot of damage rather than none or several such spots.
This seemed to evidence damage by an orderly process such as infall
of each bead. we designed an experiment involving the impelling
of glass beads of Size and static crushing Strength similar to
that of the lunar beads against various targets at various velo-
Cities up to 12 km/sec.
bounds on what the impact velocity of the lunar glass beads nust
have been. This grant, however, was terminated before this pro-

ject could be realized.
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ABSTRACTS OF PUBLICATIONS RELATING TO THIS GRANT

A S

ELECTROSTATH:TRANSPORTATION(NTDUST
ON THE MOON

R.J.L. Grard (ed.), Photon and Particle Interaction with Surraces
in Space, 557-5;0 (1973). 'S

T.GOLD and G. J. WILLIAMS
Center for Radiophysics and Space Research, Cornell University, Ithaca, N. Y. 14850, U.S.A.

Abs‘ract. The study of detailed photography of the lunar surface makes clear that some surface
transportation process has been active. Theory and laboratory experiments indicate that electrostatic
etfects resulting from secondary electron emission are the dominant cause of movement of small grains
cn the surface. The vanious electrostatic actions are discussed, and a host of unexpected phenomena
are described that have turned up in the course of the laboratory experiments.

AMINO ACID LCESTRUCTION UNDER

SIMULATED LUNAR CONDITIONS
CRSR 488

Carl Sagan, Elizabeth Bilson,
Franccis Raulin*, and Paul Shapshak?
Laboratory for Planetary Studies
Cornell Unlversity

Ithaca, N.Y. 14850

*Present address: Universite de Paris-Val de Marne, Laboratorie
d'Energetique Blochimique, Paris, France.
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The Moon 6, 405-413 (1973). Q%
% »
THE SIMULATION OF LUNAR MICROMETEORITE @, %o,
IMPACTS BY LASER PULSES ‘V(/J’{p

E. BILSON, T. GOLD, and G. GULL
Center for Radiophysics and Space Research, Cornell University, ithaca, N.Y., U.S.A.

(Received 16 February, 1973)

Abstract. Laser pulses of a finely focused beam were used to simulate micrometeorite impacts on
lunar rocks and in lunar soil. The electron microscope pictures show the detailed effects so caused;
itis possible to derive an estimate of the comparative amounts of erosion a given micrometeorite flux
would cause in lunar rocks and Junar soil.

A Y

EROSION, TRANSPORTATION AND THENATURE OF THE MARIA
Proceedings, I.A.U. Symp. No. 47 "The Moon", Newcastle,
The Moon (Urey & Runcorn eds.), 55-67 (1972).

T.GOLD

Cornell University, Ithaca, U.S.A.

Abstract. Rock dust appears to have been redistributed over the Moon by effects other than impact
explosicns. A core sample on Apollo 12 showed sharp and distinctive layers and was clearly unmixed.
Surface transportation processes that deposit the dust very gently must have been at work. Orbiter
pictures confirm that such surface creep has taken place on a very large scale.

The seismic evidence makes clear that there 1s no continuous shect of bedrock at a shallow depth
in the vicinity of the Apollo 12 site. A deep deposit of powder would match the seismic properties
observed. Mascons require for their explanation a surface transportation process that tends to fill in
the large irapact basins after their formation.

Surface transportation of lunar dust has been demonstrated in the laboratory to occur most readily
as a result of electrostatic forces produced by electron bombardment in the energy range of a few
hundred volts. Such bombardment happens on the Moon predominantly when it is in the magnetic
tail of the Earth, and this may be the reason why mare ground is so remarkably dominant on the
hemispere facing the Earth.

CONJECTURES AROUT THE EVOLUTION OF THE MOON*

T.GOLD

Center for Radiophysics and Space Research, Corneil Univ.. Ithaca, N.Y., U.S.A.
The Moon 7, 293-306 (1973).

(Received 23 November, 1972)

Abstract. The principal questions about the derivation of the lunar surface have not yet been settled:
is 1t the surface left over from the process of accumulation of the Moon, or is it a surface generated
by magmatic processes on the Moon and subsequentiy altered by further infall from outside? The
evidence derived from many sources now favors the former. Seismic data suggest an absence of
bedrock down to a depth of several kilometers, and instead a compacted powder only. The ‘mascon’
evidence can be understood as a consequence of major impacts in a deep porous laver. The great
abundance of cosmic ray tracks in most soil samples demands a much greater cosinic ray dosage than
present rates woulid cause in the age of the Moon, unless the dust represented infal'en material pre-
viously irradiated. The riuclear age, since freezing, of the dust is greater than that of the rocks found.
The chemical composition of the dust 1s not the same as of the rocks. Strict layering of the dust has
been seen, impiving some process other than meteoritic impacts for its generation and Jeposition.
These and other effects found can be understood 1n the framework of a cold accumulation descrip-
tion, 1n wnich the surface lavers represent the last additton of meteoritic infall of a basaitic material
similar to. but not identical with the present basaltic achondrites. The possible reiation of this material
to aceanic basalt on Farth i< mentioned.




(Repriniad from Nature, Vol. 240, No. $382, pp. 458459,
ecernber 22, 1972)

Are the Lunar Seismic Signals
compatible with z Deep Layer of
Fine Powder?

THE seismic wave velocity may vary with depth in the Moon
in the way derived from the lunar seismic signals by Toksdz
er al.t. Tt is customary to seek sudden changes in velociry and
interpret these as evidence for sudden changes in mineral rype.
Here it is shown that one such sudden change at 25 km and
the more gradual increase in velocity from the surface to it
can be interpreted in terms of a single type of material, namely
the fine rock powder that is so abundant on the lunar surface.
Gold and Soter? have shown how such a devn powder layer
can give rise to the general features of the lunar seismic signals,
which are clearly so diferent from those seen in the Earth.
Good quantitative agreement has teen obuained between
lunar near surface veiocities and values obtained in rock
powders in the laboratory®. However, Toksséz et af.! rule out
a deep powder layer. They derive a velocity prodle for powders
from laboratory data on lunar fines* by using values of velocity
corresponding to the maximum pressure to which the fines
were exposed in the laboratory. They thus obtain the resuit,
which we shall see is not necessarily correct, that the depth
dependency of velocity ia lunar fines would be slower than the
actual depth dependency inferred from the seismic signals.




R.J.L. Grard (ed.), Photon and Particle Interactions with
Surfaces in Space, 517-519 {1973).

SPUTTERING AND DARKENING OF THE GRAINS ON THE
LUNAR SURFACE

T.GOLD
Cen.er for Radiophysics and Space Research, Cornell University, Ithaca, N. Y. 14850, U.S.A. .

Abstract. Sputtering experiments have been carried out in the lunar laboratory at Cornell (first by
B. Hapke) since 1964. These have shown that solar wind exposure will lead to the deposition of a
dark layer on grains of most rocks. The nature of this layer is not yet known with certainty, but it is
thought to be chiefly due to reduced metals. This confirms the supposition, first put forward in 1958,
that the albedo of any part of the lunar surface is dependent on the length of time for which it has ‘
been exposed. This albedo effect is likely to dominate over effects due to regional chemical differences. ;

Proceedingtof the Fifth Lunar Conference
(Su,piement S.Geochimica et Cosmochimica Acta)
Vol. 2pp. 2355-235911974)
Pnntedinthe United Statesof America

Optical properties of the Apollo 15 deep core samples

T. Gorp, E. BiLsoN, and R. L. Baron

Center for Radiophysics and Space Research, Space Sciences Building, Cornell University,
Iihaca, New York 14850

- j

Abstract—The variations of albedo observed at different depths in a core tube show almost as large a
range as occurs on the surface over the entire moon. Different regions in the core tube are very sharply
separated from each other, demonstrating that little mixing had taken place in the deposition process
or subsequently. A possible correlation between albedo and cosmic ray exposure is noted.

Proceedingsof the Fifth Lunar Conference H
tSuoplement$, Geochimicaet Cosmochimica Adta)
Vol Ipp 241242201974
Printedinthe Unned States of America

Observation of iron-rich coating on lunar grains and a
relation to low albedo

! T. Goup. E. BiLson, and R. L. BaroN

Center for Radivophysicsand Space Research, Space Sciences Building.
Cornell University, Ithaca, New York 14850

Abstract—The outermost few atomic iavers of lunar soil sampies were studied by Auger SPEStrascopy
and were found 1o zontain in each case twa to three times more iron than the mean butk composition of
the <ample. The amount of excess ron s found to be closely correlated with the optical albedo in the
manner that would be theoreticaily expected if the iron provided absorption centers. Crushed lunar
rocks of simiiar mean composttion. but iacking the extra iran coating of the soil frains. have a much
higher albedo than most tunar souls sampied or observed on the lunar surface,




Proceedings of the Third Lunar Science Conference
(Supplement 3, Geochimica et Cosmochimica Acia)
Vol. 3, pp. 2545-2555
The M.LT. Press, 1972

: Measturements of the acoustical parameters of rock )
3 powders and the Gold-Soter lunar model '
f
~ R BARRIE W. JONES
Center for Radiophysics and Space Research, Space Science Building,

- Cornell University, Ithaca, N.Y. 14850

Abstract—We are measurning the low frequency velocities and damping factors of acoustic waves in
rock powders in vacuo with a view to understanding the lunar seismic signals. Our results combined
with those of others, when =xtrapolated to lunar conditions, lend support to the Gold-Soter model

of the outer moon in which the lunar surface is ~overed with a fine rock powder 10 a dapth of at
'. least 4 km.

VOL. 78, NO. 23 JOURNAL OF GEOPHYSICAL RESEARCH AUGUST 10, 1973 i

Seismic Properties of Fine Rock Powders in Lunar Conditions

BARRIE W JonEes?

Cenler for Radiopt .sics and Lpace Research
Cornell University, Ithaca, New York 1,850

Seismic properties of fine rock powder~ in near lunar surface conditions have been measured
in the laboratory, and they correspond well with those obtained for the near lunar surface. The
laboratory values of Q range from 40 to 330 with corresponding wave velacities 2, below 100 m/s.
Many of the results obtained are shown to be understandab'e in terms of current theories of the
elastic and plastic properties of fine rock powders in a variety of temperature and pressure condi-
tions. This enables sorae estimate to be made of the changes in Q : ad ¢; with depth in the moon,
on the supposition that fine rock powder continues downward as an abundant constituent.

- |
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1. Phys D: Appl. Phys., Vol. 7, 1974. Printed in Great Rritain. © 1974 % §
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Grain—-grain contact geometry and the propagation of elastic
! waves in granular media

Barrie W Jones

Department of Physics, The Open University, Walton Hall, Milton Keynes, MK7 N
6AA, Bucks

Received 12 February 1973, in tfinal form 6 November 1973

Abstract. It is shown that the compliance of an orthogonal grain-grain coniact is so
insensitive to the grain gecmetry ‘n the contact region that this geometry is not at
present an important narameter in theories of the speed of propagation of elastic waves
in granular media, such as occur in the Earth and in the Moon.




THE MOVEMENT OF SMALL PARTICULATE MATTER
IN THE EARLY SOLAR SYSTEM AND
THE FORMATION OF SATELLITES

T.GOLD
Center for Radiophysics and Space Research, Cornell University, lthaca, N.Y., U.S.A.

(Read by E. E. Salpeter)

Satellites are a common feature in the solar system. and all planets on which satellite
orbits would be stable possess them. (For Mercury the solar perturbation is too large,
- and the retrograds spin of Venus would cause satellites to spiral in to the planet
through tidal friction.) An explanation of the formation of satellites must hence be
one which makes the phenomenon exceedingly probable at some stage in the solar
system formatica processes, and very improbable processes like a capture cannot be
the answer in most cases. .

Small particulate matter must have been very abundant in the early solar nehula.
Such particulate matter must have existed toth from the first condensation of the
low vapor pressure components of the gas in the drst round. and it must also have
been composed of material scattered from impacts afier some major bodies had begun
10 form, frequently finding themselves no doubt on collision orbits.

In general, small particulate matter will not follow the same orbits as large bodies
would, due to the action of drag forces. In the early solar system such drag must have
been present within the original gaseous disc, and at later stages there continued to be
a slight drag due to the Poynting-Robertson effect. The gas drag, depending on the
mass and temperature distribution of the 8as in the early solar nebula, could have
acted to supply a force on small particles, either in the forward direction of planetary
orbits, or in the retrograde direction. Particles could thus be caused to spiral either
outwards or inwards. as a result of such forcss.

Such material will frequently not continue to move on a spiral orbit, for it will
frequently happen that, as the mean period gradually changes, a particle comes into
resonance with a perturbing force arising from the motion of major bodies. Such
resonances can be of two kinds: one causing stability for that particular period. the
other removing material even more quickly from orbits of that period than the spiral
motion would have done. In the oge location in the solar system where we stil] see
small particulate matter on long-lived orbits, we indesd see the material organized
into well-defined rings, namely the rings of Saturn. It may well be that even at the
present time there exists a similar banded structure for particles of a certain size
range in the plane of the solar syster, with some bands as a result of planetary
perturbations having parmanent stability, despite the Poynting-Robertson effect. The
zodiacal light may be due to a set of bands that would make the solar system look like
a f2unt version of Saturn's rings when viewed from outside the central iane.

Contooouios ed.:, Highieres oF Astronomy, 483488, 401 Rigars Reserved
Cooyrgnt O 1974 Oy the (AL




a84 T.GOLD

Such bands will have been a most important feature in the condensation processes
in earlier times. It is in these circumstances, where a nonconservative force has beer
active, that Liouville’s theorem is not satisfled, and indeed particles will be driver
into much higher densities than the densities at which they were originally supplied.
It is important to realize that the process will also sort particles for a certain sizs

. range, in the sense that the ones that are too small (for the strength of any particuia: 3

’ celestial mechanics fesonance) cannot be arrested against the drag force that cause: *'
spiraling, while particles that are too large may spiral so slowly as cot to reach ¢
resonant condition. A resonant band will thus first be supplied with the
particles that can be stable in that resonance a
and larger objects. The rsiative velocities,
collisions, will become very small, and the
ballirg, to make larger particles with the i

tion of asteroids into the Trojan ordits cagnot readily be uaderstood without such ar.
action. It is also important to realize that such lanes may in some cases have beer
, suppiied principally from original condensate. but in other cases from debrnis o
- collisions of earlier bodies. Different lanes may thus be chemically and mineralogicali:
P distinctive. In the course of long times, the stabulity of individuaj planetary bands ma-
be lost as a result of various changes. Major perturbations among the planets. furthe:
accretion, or major collision, could so change the celestial

mechanics situation as tv
' destroy the resonance with a particular band. and it wouid *

ien again begin 1o spira;
Now, however, the starting point would be an enormously more conceatrated, narrou

lane of highly collimated orbits, rather than a diffuse distribution in the whole disc
The densities of particulate matter in such a tand may well have risen above tr.
mean by a factor of the order of 10*. We must then visualize that there wilj have deer
many events of such highly concentrated “ands becoming unlocked from the:
resonance and therefore spiraling in the solar system. When suc
the vicinity of a planet each particle may suffer one of
may impact the planet and thus contribute to its gro
period of large perturbations, cross safely to the other
of that planet and then continue with its spiral. Thirdly,
orbit to that planet, a probability which would bs
of a frictional medium such as the main solar nebula, or its temporary concentratior
in the vicinity of the planets. [tis extremely difficult to make any estimate or the relats q
probability of the three types of encounter. Even if the setting up of a satellite orb:
were many times less probable than the other two possibilities, it would sull suffice t.
lead to the eventual formation of the satellites that we know, if the process occurrs.
early enough so that a large proportion could still be added to make the pianets grow :
The step from circumplanetary rings attenuated By 3as friction to the formatic- 3
of satellite bodies is not a difficult one and has been discussed on many occasiors. .
in the first place a number of separate sateilites form, as may well be the rule, it wi i‘
depend on their size distribution. and the tidal friction wit

h the planet, whether the
¢an be maintained as separate bodies. If tidal fricuon 1s surficient and :there :s

smalles
nd will later gradually acquire large:
and thus the erosion rates through mutua.
circumstances will be favorable for snow-
elp of any surface stiction. The concentra-

i

g

h material reach:
three possible fates. Firstly
wth. Secondly it may, after .
side of the sphere of infiuenc.
it may be placed on a satelliz:.
greatly increased by the presenc.
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forward spinning planet, and if the innermost satellits formed is more massive than
the others, then they will all be swept up into one body finally. This is because t“e
most massive satellite will spiral out the fastest, and there is no possibility in this case
of one body crossing the lane of the next without colliding with it. Perhaps this is the
set of events that occurred to make our rather large Moon, while in the case of the
major planets the evolution through tidal friction has been somewhat slower. The
material that now forms the surface of the Moon is nerhaps the last addition, and
the soil that is found there is material acquired directly in its present form from orbit.
The fact that the material has suffered chemical differentiation on a planetary body
in its past does not argue against such a theory. As we have said, many of the bands
will be debris from collisions, and the last material acquired by the Moon may be cne
of those. Whatever finely divided material fell into the Moon in the late phases would
tend to make a set of layers that may be chemically distinctive. Any of the larger
impacts, such as those that caused the mare basins, must then rework the layered
structure into one that makes for regional differences in composition. Much detail
that ts now known about the lunar soil is difficult if not impossible to account for
within the view that this soil resulted from the grinding up by meteorite bombardment
of solid lunar rocks. In particular, the high intensity and remarkable uniformity of the
cosmic ray exposure of all the soil seems to accord much better with a picture in which
this soil was in diffuse form in orbit and fell in ;0 make the last additicn to the Moon.
(The impact on collision of each grain with the lunar surface would not heat the
particles enough to eradicate the cosmic ray tracks if infall was from other Earth
satellite orbits only.)

The recent radar observations from the Jet Propulsion Laboratory at Goldstone
of Saturn’s rings suggest that they are made largely of metallic particles. (The
alternative theory that they are made of dielectric material in accurately spherical
form - cat’s eyves - 1s considered unlikely, since we know of no mechanism that would
tend to assemble meter-sized spheres as would be required.) This observation empha-
sizes the view that bands of particular compositioi: can be formed and become placed
an satellite orbits. The rings of Saturn are too close to the planet to form further
satellites, but the greatly varying composition of the satellites suggests that similar
processes had occurred there but with differently sorted out, second generation
debris material.
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ELECTROSTATIC EFFECTS ON THE LUNAR SURFACE, T. Gold
and G. J. Williams, Center for Radiophysics and Space Research,
Cornell Unilversity, Ithaca, NY 14850.

The large scale electric flelds around the Moon and the mean
charges of surface grains of the Soill can readily be seen to
result in forces that are much too small to cause any movement
of grains. However there are effects that are expected in the
environment of the Moon, where the charge on neighboring grains
is quite dissimilar, and where electric fields are set up on a
micron-scale. In such circumstances the forces on a grain may
well exceed not only gravity but also the adhesive force to the
nelghbors that are in contact. Surface movement then results
and may cause.surface transportation of lunar soil on a
geologically important scale.

We report here the laboratory experimentation and the
theoretical investigation of the effects that set up such
intense small scale fields. UV photons from the Sun, the solar
wind, and the plasma bombardment in the wake of the Earth all
need to be considered. While photon-produced electrostatic
effects are not large, they may cause some movement of surface
gralns on the Moon. The free-stream solar wind has only
negligible effects. The electrons that reach energies of
several hundred volts in the region behind the Earth's magnetic

' bow-shock seem the most effective agency for causing surface

movement, and such movement caused by locally unstable electron
charging is readiiy demonstrated in the laboratory.

Photoelectrons are very numerous compared with the more
energetic electrons of the magnetosheath. It might be thought
that thelir action would be to destroy all the intense small-
scale electric fields, and to bring potential differences down
to the few volt range of the photoelectrons. This is, however,
not so. All localities in the complex surface geometry that can
receive electrons from the wide-angle electron bombardment, but
not photons from the narrow-angle solar illumination and that
charge up negatively cannot be discharged by photoelectrons.

A large fraction of the surface gralns at any time are in that
situation, and therefore electron bombardment effects are
expected to be not greatly diminished by the presence of the
solar UV.

Magnetosheath electron bombardment provides an explanation
for the great difference in the appearance and surface
topography between the back and the front of the Moon, if
indeed surface erosion by such effects has played a major part
in shaping the surface. :
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ELECTROSTATIC EFFECTS ON THE LUNAR SURFACE

T. Gold and G. J. Williams

Various interestin

g effects are noted 1n the laboratory
tests. Such as the sor

ting of grains according to some

features of their chemical composition that influence their
secondary emission characteristics, and the impediment to
transportation caused by a mixture of certain substances. These
effects provide explanations for various seemingly strange
properties of the lunar surface that have been noted.
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Proceedingsof the Fifth Lunar Conference
(Suppl s h et Cosmochimica Acta)
Vol.3pp. 2387.2395(1974)
Printedinthe United States of America

On the exposure history of the lunar regolith

T. GoLp and G. J. WiLLiaMS
Center for Radiophysics and Space Research, Cornell University, Ithaca, New York 14850

Abstract—The observed minimum and mean values of track densities in lunar grains are both found to
exceed the values expected from exposure with redistribution by vertical mixing, and the percentage
of the smaller grains showing very high track densities is too large by a factor of more than ten.
Previous exposure of the material (in space before accretion onto the moon or in regions from which
net migration has occurred) may be necessitated.
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Remarks on the Paper ‘‘The Tidal Loss of Satellite-Orbiting Objects
and Its Implications for the Lunar Surface’”” by Mark J. Reid

T. GOLD
Centerféor'.Radiophy:aica d& Space Research Cornell University, Ithaca, New York 14853

Re;:eived December 20, 1973; revised August 9, 1974

The paper by Reid suggests that masses may be stored in circumlunar orbits
for long periods of time, limited only by tidal dissipation. The real loss may,
however, be much faster, due to large changes in the orbit caused by the disturbing
field of the Earth. it is shown that the exarple quoted of J upiter's satellites is
inadequate to make the case for stability of such orbits.
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Auger analysis of the lunar soil:

Study of processes which change the surface chemistry and albedo

T. GoLp, E. BiLsoN and R. L. BARON

Center for Radiophysics and Space Research,
Space Sciences Building, Cornell University. Ithaca, New York 14853

Abstract—The chemical composition of the outermost few atomic layers of thirteen soil samples and
SN roca sampies “rom all Apollo sites was studied by Auger electron ipectroscopy. All soil samples
showed a large increase in the tron-to-oxygen ratio (and therebv of the surface concentration of iron)
sompared with samples of crushed rock or with resutts af the buitk chemical analysis. The necative
correlation between the amoant of this enhanced iron and the albedo of soil sampiles. 1eported earlier
by us. 15 now greatly strengthened. and shows the functional dependence expected from a population
of absorption centers that 1s proportionai to the surface ron content.

Crushed iunar rock samples exposed to 2-keV protons that simulate solar-wind exposure for
0002000 yr = xhubit both an increase of the surface 17on and a lowering of the aibedo that makes these
resemble clusely the lunar soil 1n both respects. While o variety of surface modification effects may
Auve been r esent. it appears that an adequate expianation for the low albedo ot the moon and the

chemical surface properties of the <oul car be found 1n the

ielective depletion of oxygen (and other

ight 2:ements) By solar wind sputtening,
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EXTRALUNAR ORIGIN OF THE LUNAR SOIL. T. Gold, Center for Radio-
Physics & Space Research, Cornell Univ., Ithaca, N.Y. 14850

The possibility that the lunar surface represents merely the last stages
of the accretion process that formed the Moon has not received much atten-
tion (1,2,3). Yet, this is clearly a qﬁestion of overriding importance to
the entire lunar investigation program. ' o

Very strong eviderice concerning the lunar soil, such as its exposure
record, its state of deposition, as well as radar and seismic evidence, now
appears to us to make the case that the surface material fell in more or
iess in its present form, rather than that it is the consequence of meteori-
tic grinding of a lunar endogenic crust. Further evidence concerning the
Apollo 17 orange soil, the mascons and their absence on the back, and the
many indications of surface denudation and deposition all speak for infall
and surface transportation pProcesses as having been the dominant effects.

Many investigators believe that the chemical evidence has proved the
Opposite case, namely that a chemical differentiation history on the Moon
must have preceded the production of the present soil. That these differen-
tiation processes occurred in the material that came to form the lunar soil
cannot be doubted. However, there is no way of knowing where this happened.
S0 long as we have no clear understanding of the origin of the Moon, any
assumption concerning the original nature of the material must be a weak
and needlessly restrictive one. : ‘ '

It has been claimed that the lunar chemical analysis has shown the
material to represent to some extent a closed chemical system. This claim
can be doubted, but in any case it would not affect the present debate,
since the same considerations of chemistry can be applied to a previous
body whose surface material may have become the dominant contribution to the
outer few kilometers of the Moon.

Nor can the regional distributicn be taken to prove that case. It is
clear that a large amount of vertical redistribution has taker place on the
Moon, such as the deep excavations of the great basins and the deposition of
that material to form the surrounding mountains. Therefore any vertical
differences, resulting from a compositional change in the course of the
accretion, will exhibit themselves as regional. differences now. Denudation
of high ground keeps exhibiting the lower material there (and crater pro-
files show that generally more than 2 km have been removed), while the last
addition must dominate on the flat low ground. Thus differences among suc-
cessive layers of the accreted material tend to show themselves as dif-
ferences between high and low ground.

The lunar soil shows generally a remarkably high surface exposure, as
judged by its cosmic ray tracks, by its implanted gases, and by its surface
sputter or condensation deposited layer. If this degree of surface exposure
occurred during the entire age of the Moon at the present rate, only a thin
layer could have been treated, however well the material was stirred or
moved. The estimates of the maximum amount so treated range from a few tens
of centimeters to a few meters. While this may perhaps seem adequate to
account for the material investigated in the form of the three meter drill
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cores, it is far from adequate when the stirring by larger crater forming
events 1s taken into account. Much of the material now in the top few
meters must have come from nearby craters that are many tens of meters deep.
A substantial admixture of unexposed material should-therefore be present
2lmost everywhere in the soil.

Apart from the total amount of surface exposure, the distribution also -
cannot be. accounted for. If random stirring were held responsible for . -
bringing grains to the surface for exposure, then even the most vigoerous
stirring would still give a much larger proportion of unexposed grains than
s found. A computer simulation study (4,5) demonstrates this clearly.

Furthermore, most of the core tubes investigated show many very dis-
tinctive layers, with differences of grain size, albedo and chemical composi-
tion. . However these layers might be produced, their Presence argues against
the supposition that the soil has generally been stirred exceedingly
thoroughly so that most grains could acquire their surface exposure.

If on the other hand direct infall were responsible for the soil, then
the observed exposure record would refer to both the exposure suffered by a
grain before and after landing on the Moon. Exposure of a tenuous cloud of
grains would threan be needed only for a short time, on account of the much
greater surface area presented; each grain in the cloud may receive an ex-
POsSure rate as high as only the uppermost layer does on the Moon. Infall of
small grains onto a surface that is itself composed of loosely packed small
grains will not eradicata either cosmic ray tracks by heat annealing or
destroy surface deposits, so long as the infall speeds are only of the order
of the escape speed of the Moon (2.4 km/sec). In fact, planetary accretion
processes may well supply grains out of gradually attenuating orbits, and the
impact speed would then be as low as 1.7 km/sec (the lunar orbital velocity),
assuring the almost complete praservation of all details of the grains.

The Apollo 17 orange soil demonstrates a history of having been frozern
from melt in space, and then, as completely hard particles--mainly small
spheres or spheroids--haviag ilmpacted tie surface. Electron microscopy
studies, performed in our laboratories, on a large number of beads show them
to exhibit a vary uniform degree of damage; the large beads have mostly one
large area of damage on them, and the small ones have a small area of damage.
Iin contrast wizh most rock chips there appear no lypervelocity impact =sracars
on any of this mater:ial. Detailed staristics show rhat tne damage sbsarved
MuUst be almost 2ntiraly She one resulting from the infall of “he material
itself, not from any subsequent bombardment. Measursments of %he br2aking
strength of =he beads indicata *hat a high spe:d of Lmpact inte =he soft
lunar 30il would have been requiraed to cause the okbsecved degree of iamage;

1 spead o 1.7 xm’'sec, the lunar orbi=al speed, seems to pe inadeguat
?ending axperimen=tal resulss witn glass teads of similar strengeth, sShct rn=o
lunar surface =yge of material, one can onlvy make Approximate calcuyl

=2 define =ne

{
spe2d these obl2cts musc have had. ur 2sntimnacas 3
sceed ze waen 3

nd 4 km/sec, well above =he drbital speed. o
L3 matarial was zart 9F an infall, and noc Terely distributed

1Ton onozhe Moon. I any zase =ha f£il; mUsT nave toveraed a
[ ]

'
o
S
[

LSl A
'y
'O
B
™

[T

3w

v
T

)

rv,

Zhe anzira Moon, ind -na 3mall zatsn found 13 she tonse e

PAG‘E’ T .
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other processes having preserved it unmixed and having brought it to the
surface in this location (as well as many others, perhaps, that the astro-
nauts did not happen to visit). The material, though chemically distinctive
from most of the lunar material, is nevertheless of a lunar type of composi-
tion so far as many abundance ratios are concerned. If it came into the
Moon at more than orbital speed and hence from a non-lunar source, the pre- -
sumption must be that the rest of the soil, being chemically similar, also
came from that source. The orange soil thus provides an extremely useful
sample of lunar soil for the deduction whether it all iz of lunar or extra-
lunar origin. T T ST - ' '

Xpected from the infall
The largest impacts will have left
liquefied rock and this may well be the origin of the crystalline rocks,
later scattered by smaller impacts. 'Soil being an older constituent than the
rocks would fit in well with nuclear age dating.
The lunar gravity anomalies called "mascons” have a ready explanation
if surface flows have tended to raise the floor level of low areas previously
hydzostatically balanced. Where no such surface flows occurred there should
be no mascons.

addition of material by surface flow would generate a positive gravity
anomaly. On this basis the depressions on the back of the Moon, being un-
filled, should represent no gravity anomalies. | This appears now to have
been observed. b ' ‘ -

The suggestion that the Presence of lava on the front side facilitated
the generation of mascons would imply that the more fluid face produced the
larger amounts of hydrostatic-imbalance--a most unlikely conclusion.

Lastly, the extreme similarity of the surface of Mercury to that of
the Mcon suggests that no comp i
should be invoked, for it woul
for two bodies that are internally There is no problem if
this is the appearance of a surface generated by infall and the common
external effects. . .
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REGOLITH STIRRING AND EXPOSURE: 3-DIMENSIONAL STUDY,
G.J.Williams and T.Gold, Cntr. for Radiophysics and Space Res.,
Cornell Univ,, Ithaca, N.Y. 14850 .

- Intro. Lunar soil samples apparently have experienced
exposure to cosmic rays (galactic and/or solar) through some
remarkably orderly process, That is to say, soil samples show-
ing exposure contain very few -- if any -- unexposed grains,

lation of regolith éxposure. Excavation and mixing of the soil
according to the cratering frequency law of Shoemaker et al.(1)

is employed. The results confirm the indications of the sarlier-

one-dimensional study(2) -- exposure in situ, with churning by
meteorites, is insufficient to explain the notable extent to
which unexposed grains are absent. e,

Cosmic-ra enetration depths The galactic cosmic-ray flux is
attenuated, at a depth of about 64 cm, by a factor of~ 1000
with respect to the flux received in the top 10 cm or so of the
soil (3). Solar cosmic rays are of lower energy and have an
effective penetration depth of less than 1 cm, (Lunar soil
samples commonly have been obtained, by core tubes, from depths
of about 2 meters or more, Two meters is more than 3 times the
maximum depth at which Significant exposure can occur, )

Review of observed cosmic-ray track densit distributions
TypicaIIy, 05% of the grains in soil samples readily reveal a
substantial track density (4)." The minimum track density of
grains in this 95% is about (1/1000) or more of the mean grain
track density seen in the sample (3). Observation of tracks in
the remaining 5% of the grains is more difficult, However, use
of special techniques (particularly ones involving electron
microscopy) has revealed comparable levels of exposure in most
of the remaining 5%.**The percentage of a typical sample's
grains for which eéXposure remains to be established is only 1 or
2%. That is, e fraction of unexposed grains (in samples show-
ing exposure) may be zero; the most stringent upper limit which
* (This figure, of course, excludes the glass component of sam-
ples. Retention of etchable tracks in glass is known to be poor,)
**(Grains which required Special techniques in order for tracks
to be observable were found to exhibit slip dislocations which
broke the tracks into short segments, making observation diffi-
cult(4), Distortion and/or annealling of some of the grains by
impacts 1s in any case to be expected.)

***(The proviso "in samples showing exposure"” refers to the
possibility of a sample showlng no tracks. The latter could
result from annealling of the sample,by heat or shock, in
impact events.,)
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can be set currently is about 1 or 2% (4),

The three-dimensional calculation A computer was used to perform
& Monte-Carlo simulation of regolith exposure accompanied by
cratering, It was assumed that the meteorite flux, whate¥e§ its
absolute value may have been, had the form(l): F(c) a c¢=2.93,

F 1s the flux of meteorites causing craters of diameter greater
than or equal to c, (Small-scale excavations occur more frequent~
ly than large-scale excavations.) The conclusions of the study
are not very sensitive to the crater production law assumed. The
aspect ratio b of the craters (ratio of diameter to depth) was
taken to be a single constant for craters of all sizes, A value
for b was not chosen; it does not enter when one merely speci-
fies that tilling by meteorites .has reached to a certain median
depth. Craters of square aperture and vertical sides were chosen
for simplicity. The excavated material was taken to be deposited
in a blanket of uniform thickness and square border surrounding
the crater., (See Figure l.) The ratio 7m of ejecta blanket thick-
ness to crater depth was taken to be independent -of crater depth,
The value of 1 in the basic calculation was chosen to be 1/8,
for reasons of computational tractability. The results can be
scaled for other values of 7, "

Each event excavates materiel which thereupon becomes
arrayed in a thin blanket. At each time-step, one unit of aging
is accorded to all material within a certain depth beneath S
the surface. (One time-step is the time-constant-for an impact or
impacts to create a single excavation of minimum depth.) Com-
pounding of statistics was employed to deal with the effects of
successively smaller-scale classes of cratering events., The
material was dealt with in the. form of distribution functions,
rather than following a limited number of gralns, We define
N(O) to be the fraction of a sample's material which has never
resided within an exposure-length A beneath the surface. The
dependence of N(0) upon 7 can be shown to be: N(0) a nY, where
Y is a positive number less than 1,0, Care was taken that all
approximations have the effect of underestimating N(O) rather
than overestimating it,

As tilling proceeds, N(0) would be diminished rapidly were
it not for the fact that the greatest depth to which cratering
has occurred will increase, on average, linearly with the number
of time-steps. Admixture of previously unprocessed material
from beneath is unavoidable in the actual case and was artifi-
clally excluded in the theoretical simulation to less an extent
than in the calculations of others (e.g.,(3).) The deeper exca-
vations continually spoil what might otherwise have been a dis-
tribution with no unexposed grains, N(O) decreases with time
initially, Thereafter, there is an approach to what is essential-
ly a steady state. '
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Results of the three-dimensional calculation The calculation
yielded the distributions N(LTilled,L,E ) i1n amount of time E,
spent within an exposure-depth A beneatA the surface. L is the
depth at which the soil sample is found. Lrililed is the median
depth to which tilling of the regolith proceeded. It is, of
course, the distribution in relative degree of exposure which
is of import and, most simply, one may consider the fraction
H(LTilled,L,O) which has never experienced residence within the
depth A beneath the surrface.

Typical results are shown in Figure 2. We reiterate that
the zero- and low-exposure end of the histograms represents an
underestimation,

Conclusions It can be seen from the theoretical results that
in-situ meteoritic tilling fails to explain the remarkable
extent to which unexposed grains are absent from the majority
of lurnar soil samples, From the upper limit to the observed
value of N(O) and from the form of the dependence upon 17 ,
we have that the ejecta-blanket thickness factor n uay be
significantly smaller than 1/200 without invalidating the
conclusions of this study. The results indicate that pre-
exposure in space (and/or during transit by some orderly
process from the uplands) is required for the bulk of the
lunar soil,

References: (1l)Shoemaker E.M, et al,(1970), Proc. Ap. 11 Lun.
Sci, Conr,, Geochim, Cosmochim, Acta, Suppl.l, Vol. 3, pp.2399-
2412, Pergamon, (2)Gold T, and Williams G.J.(1974), Proc., Firt
Lun, Sci. Conf., Geochim, Cosmochim, Acta, Suppl. 5, Vol. 3,
0.2387, M.I.T. Press. (3)Comstock G.M. et al.(1971), Proc. Scnd.
Lun, Sci, Conf., Geochim, Cosmochim, Acta, Suppl, 2, Vol, 3,
p.2503, M.I.T. Press. (%)Fleischer R.L.(1974), private cmmnctn.
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The surfa.ce c!ler{lical composition of lunar samples
and its significance for optical properties

T. GoLp, E. BiLsoN, and R. L. BARON

Center for Radiophysics and Space Research, Space Science Building, Cornell University, Ithaca,
New York 14853

Abstract—The surface iron, titanium, calcium, and silicon concentration in numerous lunar soii and

rock samples was delex:'nined_by Auger electron Spectroscopy. As reported previously all soil samples
show a large increase in the ron to oxygen ratio (and thereby of the surfa

A solar_ wind simulation experiment using 2keV energy a-particles showed that an ion dose
correspondm_g to approximately 30.000 yr of solar wind increased the iron concentration on the surface
of the pulverized Apollo 14 rock sample, 14310 to the concentration measured in the Apoilo 14 soil
sample 14163 and the albedo of the pulverized rock decreased from 0.36 1o 0.07.

pared to that of pulveri
step with the surface concentration of iron an
wind sputter reduction mechanism is discussed
optical properties of the soil.

VOL. 82, NO. 30 JOURNAL OF GEOPHYSICAL RESEARCH OCTOBER 10. 1977

The Search For the Cause of the Low Albedo of The Moon

_T. GoLD. E. BiLsoN, aND R. L. BaroN

Center for Radiophysics and Space Research, Cornell University, Ithaca. New York 14853

The effects of different weathering processes on the albedo of the lunar surface cover is discussed. The
surface chemical composition of numerous lunar soil and pulverized rock samples was determined by
auger electron spectroscopy. The optical albedo of these samples was also measured. The chemical
concentration of iron and titanium is greater on the surface of soil samples than it is on the surface of
crushed rock samples with similar bulk composition, whereas the albedo of soil samples is lower than that
of the crushed rock samples. A correintion is presented between the surface iron - titanium content and
the albedo. Resuits of soiar wind simu'ation experiments show that irradiation of crushed lunar rock
samples with a small dose (corresponding to 3000 vears of solar wind) of 2-keV energy protons changed
the surface chemistry of the rock 10 that of the soil. A much iarger dose of protons (corresponding to
30.000 vears of solar wind) was needed to darken crushed rock to the aibedo of the soil of similar buik
chemical composition. The mechanism of darkening by solar wind is discussed. and its effectiveness s
compared to that of other darkening processes.
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The relationship of surface chemistry and albedo of lunar soil samples

By T. GoLp, F.R.S., E. BiLsoN axp R. L. ARON
Center for Radiophysics and Space Research, Cornell University
lthaca, New York 14853, U.S.A.

A relation between the albedo and the surface iron concentration (determined by
Auger electron spectroscopy) of lunar soil samples is described. The effect of solar wind
sputtering on the surface chemistry and albedo of the soil is discussed.

Phil. Trans. R. Soc. Lond. A. 285, 5556~559 (1977) [ 555 )
Printed in Great Britain

Origin and evolution of the lunar surface: the major questions remaining

By T. Govp, F.R.S.

Center for Radiophysics and Space Research, Cornell University, Ithaca, New York, 14853, U.S. 4.

The major factors in the evolution of the lunar surface have not been determined vet.
Huge lava flows and lunar differentiation, though commonly assumed, is in discord
with much of the evidence. The alternative is for most of the surface to represent the
last stages of accretion of the Moon only, with the chemical differentiation having
taken place previously in the source material. Radar, seismic, surface exposure, and

mascon evidence can then be accounted for. A large-scale surface transport mechanism
of soil must then have been present.
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ELECTRODYNAMICS AND THE MOON -- TRANSPORT PROCESSES

Gregory John Williams, Ph.D.
Cornell University 1976

Part A (Electrostatic Transport Effects on the Lunar Surface)

There is evidence that the rock powder that largely
covers the lunar Surface has suffered Some transportation
over geologic times by means other than the blasting of
meteoritic impacts. In the absence of an atmosphere,
electrical forces acting on small grains may be a major
effect causing surface movements. Laboratory €Xperiments

have demonstrated that under certain circumstances of

electron bombardment insulating bPowders develop surface

agitation leading to a flow. The strongest such effects
are due to instabilities in the charging of individual
grains, leading to markedly different pPotentials of
neighboring grains and large electrostatic forces between
them.

The various electrical charging effects likely to
Occur on the lunar surface in the presence of sclar wind
and solar photon bombardment are discussed herein, with
particular interest in the Circumstances that cause
intense microscopic electric fields. It appears that the
partially thermalizegd solar wind in the magnetosheath of
the Earth is particularly favorable in this respect, and
large changes on the Moon may have been caused by this

in geologic tinme.
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Since the magnetosheath of the Earth will cause the
front of the Moon to be treated very differently from
the back, one may seek the origin of the striking differ-
ences between these two hemispheres in such effects.

It is shown that grain migration can be impeded at
the line of contact with a dissimilar powder. Thick beds
of accumulated powder, with a sharply defined flow-front,
may result. Thus, one can have regional differences in
composition despite occurrence of a large amount of
grain migration.

Part B (Statistical and Physical Considerations Concerning

the Origin and Evolution of the Lunar Surface Materials --

Implications of the Exposure Records)

The potential of the various types of exposure data

for discriminating between proposcd histories of the lunar

surface material is assessed. Redistribution of material

by meteorite impact is considered. The results of a calcu-

laticn which models €xposure accompanied by meteoritic

tilling are presented. The galactic cosmic ray track den-

sity distributions for the sampled lunar materials are found
to be explicable in terms of a bombardment-dominated evolu-
tion of the surface materials ~- with the following impor-

tant reservations. An orderly, additional process of expo-

sure such that each grain acquires at least the minimum

observed galactic cosmic ray track density is admissible

and may be required for the mare material. (Were material
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with galactic cosmic ray track density less than 1x102

4 fracks/cm2 present in the maria, there would be a proba-
bility of only 25% or less that the sampling performed
there would have failed to encounter it.) The second
point of concern is that the great range or galactic

cosmic ray track densities observed to be present within

almost all soil samples implies that homogenization over
a substantial depth scale -- ten to fifteen centimeters --

has generally occurred. It is not yet clear that this

>

degree of intermingling of barticle trajectories is in

good guantitative accerd with the frequency of occurrence of
sharply delineated laye.'s of anomalous composition. Grain-
by-grain transport at a rate competitive with meteoritic

tilling may be necessary to create (and/or to preserve,

L AN

- by covering) such layers.
The limits (set by exposure data) upon the extent to
which grain-by-grain, non-meteoritic transport or accuru-

lation processes can have operated in the later stages of

lunar history are discussed. Very rapid transport (grain
migration resulting in accumulation of material in the

maria) earlier in the history of the Moon, with subsequent

P et e . - W a—r—

transport occurring at smaller rates, is one clear possi-

bility. OCne could, for example, have it that the mare

. m———

basins were filled by grain migraticn in the first 1 to

3x109 years; a declining rate orf transport would have

I3
f
Bl

allowed meteoritic tilling to increase in relative impor-

tance with time.

cq

-3- . s
'
]




LA

A
]
¥

i
§
¥

X

#:;,_ .-
3 Jc'-c"“ A& s

g e

CTGMNAL PAGE IS
OF FOOR QUALITY




—iwa s

. e —— -

represeat such a supercontinent: and the much
smoother northern hemisphere. 1 primordial wateriess
Martian “ocean™

Weather sateilites have given us the first overall
pictures of Earth’s weather systems on a large scale: and
re now paving the way to total monitonng of atmo-
sphenc convolutions. and lemperature. pressure and
humidity changes. Other satcllites orbiting the Earth
have told us a lot of new things about the ionosphere
and upper atmosphere — especiaily about chemical
composition. ion and clectron densities and tempera-
tures. and the daily variation of all these factors as the
Earth’s rotation switches the solar radiation on and off
and varies the degree of ionisation, say. or the altitudes
at which certain phenomena occur. Suit higher satellites
have provided a comprehensive structure of the
magnetosphere, revealing that the Earth's magnetic
field interacts with the solar wind to produce a sharp
bow shock on the sunward side and a long magnetic
“tail” in the shadow.

All the Earth orbiters have incidentaily supplied data

MOON

THOMAS GOLD

The origin of the solar system — our strange and
puzzling home in the universe — is not vet understood.
There are very many clues. some stnkingly clear, others
hazy, about ‘he events that must have taken place,
about 3500 muilion years 1go, that put together the
planets and their sateilites, and set them on their orbuts.
While these clues confine the speculation, they have not
vet added up 10 1 clear picture. We sull do not know
whether it was a strange and unlikely chance that was
involved, or whether the mullions of other stars like the
Sun must all be expected to have similar svstems
around them. Are the matenals we have here the
commeon building bricks for planets 1n other solar
systems? Are there lots of planets with cocks and water
and an atmosphere? [s the speculation justified that life
is abundant on innumerable vther planetary systems?

The scienufic space progranumes of the US and the
USSR were of course designed with 1n eye on these
3reat questions, and it was clear from the outset that the
Moon should e x prime target. Firstly, it was the
casiest alien bSody 0 reach. Not haviag aay wind or
water. ¢rosion would 1ot have destroyed the record of
past svents. Internal upheavals that shirted. contorted
and overturned much of the Earth’s surface seemed to
have been abseat on the Moon — there are no signs of
any large distortions in all the many nng-shaped
structures. For these reasons there were many juesses
that we would find thers the Jeological record that s
missing on the Earth, ot the carliest penods when these
bodies were forming: the geologic record of the solar
system, not just one of its bodies.

Now. at the end of the Apollo programme. we have 1
Jreat Jeal of information about the Moon. [t bears vut
completely the view :hat it has a verv ancient surface.
Very few roeks can be found on Earth that are 13 o1d as
¢ach vne of the lunae ones hat were hrought “ack.
Nuclear age saung shows that ihe ol and e ocks
became the <oiids ihev 1ce Setween 44 and 3 acons 130
(one 1eon s une thousand miilion vears). 4} 1cons s

e .

on the details of the Earth’s shape. To a first approx-
mation the Earth is. of course. 1 sphere. In fact we
know it to be an ellipsoid of revolution. Nattened by 21
km in 6373 km at the poles. This cllipsoid is very nearty
of the shape which would result from the hydrostatic
balance of gravity versus centrifugal efTects (The equa-
tor, in fact buiges by approximately 200 m too much.)
Precise tracking of aruficial satellites, however. has now
not only confirmed that the Earth is slightly pear-
shaped — its southern hemisphere 1s fatter thaa its
northern — but has also revealed for the first time. a
aumber of other bumps and dips which jravitationaily
deilect the trajectones of the sateilites by smail amounts
(Plate 21). What is their cause? Are they relics from the
Earth’s formation? One suggestion is (hat “highs™ may
be the tops of the upwelling subcrustal convection ceils
that cause plate movements. Geophysically such shape
measurements oifer 3 new space-age challenge to the
planetary scientist studying the Earth. the Moon, and.
more recently, Mars, all of which have now been nnged

by orbiting spacecraft.

ils0 the age of the oidest meteorites that have heen
found, and those in turn show clear ewideace of
fadicactive processes having taken place within them,
that could not have persisted for more than a few tenths
of an aeon after the same matter suffered the nuclear
processing that occurs only in 1n 2xpwding star. There
18 good reason, thersfore. for considesing the ume
lround 44 aeons ago s the tume of formation of the
solar system, and the Moon bears evidence that 1t is not
much younger. [ts surface is ceally old enough to
contain ail the evidence that we are lookinyg for, dut if it
does, no one knows vet how to read it clearly.

Several quite difTerent possibilities  are under
discussion at the present ume as to how the Moon might
have formed. That the Moon and the Earth were
formed 1s one body and were subsequently torn
dsunder, or that thev formed simultaneously from a
common cloud of materal, is 10t favoured by the
chemical svidence ror the Moon. Lunar maienals ail
sem (o show marked similanues as a yroup. and
marked dJitTerences (rom the common ‘erresinai
matenals. This s 50 both {or abundances of common
elements and also for ibuadances of slements :hat
OCCur in trace amounts oniy ( Figure 1),

{a such theones it would of course Be aecessary to
suppose that the Moeon had made s vav from 1 close
orbie of the Earth 0 the more Jisant one it now
occupres, Sut this s not 4 problem. One undersiands
clearly how the ndes that the Moon raises on the Earth
deform the liguid and sotid parts of the Earth, 1nd how
this in turn causes the Moon (o spiral vutwards. There
ire uncertuinties n the Jdetaled calculations of the
etfect. Hut 1 ime hetween § and 2 1eons would e
sutficrent 1o push *he Moon vut (0 1ts preseat orhie,

Qther *heones o "he “armation ire the ‘apture f 3
<omplete Moon thacrormed sisewhere. o the tapture of
Tanv smail parucles .nto ebies aciching e Zarth,
At hen aecumulated nto 1 uagle Moon The oasture
203 complete Moon s theoreucaily ~essibie, arg here
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have been detailed discussicns how. with the help of
¢normous tides raised on the Earth during an initial
closs encounter, such a capture raight have been
achieved. But even if the capture process is & possibility,
it is an extremely uniikely one. A “ery small range of
initial ordits only would lead 10 capture, rather than 10 a
Jirect collision with the Earth, or a mere perturbation
and escape. One can argue ageinst such a theory on the
gencral grounds that there are some 30 other sateilites
in the solar system to be accounted for and that capture
cannot be used to account for the majority of them. One
ciearly needs a theory that represeris a probable
process that would put satellites in orbits surrounding
planets.

The accumulation of dust or churks of material in
orbits encircling planets is the most helpfui one from
this point of view. Saturn’s rings give an example that
such sccumulations can occur, aithough in that case a
littte 100 close to the planet 10 accumulate in turn into
bigger sized objects. Perhaps whenever such fngs
occurred a little further out from a planet, they did form
into satellites in the course of t:me, and that iz why we
don’t see such rings any more.

In such a theory it is by no means clear that the Mooa
would have formed directly as a single object. collecting
up all the material of the ring. [t is quite likely that in
the first place many objects would have snowbailed in
different lanes, and that subsequenly, and perhaps over
long periods. their orbits were intluenced by each other.
and by the tides they raised on the Earth, in such a way
that they eventually all coltided with each other. and
that the major body so formed swept up or expelled the
remaining debris.

How will lunar observations prove or disprove such
theories? How will details of the lunac surface shed light
on such processes?

The greatest problem that has confronted the lunar
investigators is concerned with basic assumptions. Must
one explain how the Moon formed out of the onginal
mix of the elements available in the early solar system?
In that case, one has to expiain how the chemical sorting
occurred within its body. to generate the particular
minerals locally, that are now found there. It is known
that these minerals do not represent the kind of
subsiance that might have condensed directly in the
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Figure | The different fanding sue Nave thowa ngmificant JifTer
ences in (he adundanca of the making up 1he powdery wil,
the compresnion-weided dreccias ind he crysailine rocks. The
Proporians by mass ul' ING s Major elemenu re shown hera, (or five
Apoilo landing was. Ovygen makes up the Suik of (the remainder 'n
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early solar system. but rather & materiai that solidified
from a2 meit on some planetary body. and that
represents the lighter fraction and thus formed the
upper crusi. Thesa difTerentiation processes ire well
known from the exampies on the Earth, and it might
therefore be considered that similarly on the Moon
there must have been a period of extensive melting and
{reezing of the rocks. n that case. the evidence of the
earlier accumulation processes would also be obliterated
there, and only a smail amount of late infail wouid have
left its marks on the surface, causing the craters, and
crushing up rocks into powder.

The alternative basic assumption would be to suppose
that the materials now found on the lunar surface,
whatever their chemical composition, represent the last
epoch of the accumulation process. After sil, one could
hardly imagine a planetary surface to give a clearer
indication of being shaped by infall than the Moon
does. Three-qurters of its area is ccmposed of
indefinitely many overlapping craters, with many of
them still showing clearly the details expected from the
impact of debris of ail sizes, falling in at astmnomical
speeds. Despite a careful search for areas of solid rock,
and the selection of landing sites with this search as the
prime criterion, no such areas were found. The pieces of
rock that were sampled by the astronauts were all.
without exception, separate chunks strewn around the
lunar landscape (Plate 27, presumably by impact
explosions: in no case were the rocks formed or
congealed in the locations where they were found. The
surface material almost everywhere was found to be a
soil composed of a mixture of pulverised rock. just as
one would expect cf the surface of a body that had
accurnulated from the infall of solids.

The recent Mariner 10 spacecrafit observations of the
planet Mercury show its appearance ‘o be remarkably
similar to the Moon’s (see photos p 14). There are also
the same multiply overiapping craters, the same smooth
looking low areas, the same patterns of lighter areas
surrounding the resher craters: and very similar dust
must cover the surface, since the sunlight is scattered in
just the same manner (Plate 22). But the interios of
Mercury must be very different from the Moon. It is
made of much denser stufT (mean density 5-4 g/cu.cm
compared with 3-3 for the Moon) and the temperature

¢ach case. The 3bundance of Litanwum is charsctensucally Nighet than
‘A terrestnal samplen, and this, a3 weil as several viher compostional
ditferences, 1rgues aguinst anv cammon ongin of the twa dadies. ( The
JAs are telected from (he emwcal anaiyss teams Appointed vy
NASA)
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Figure 2 if 3 crater &Xcavates matenal '0 3 depth at which the
composition is dilferent, the blankes of ejecta will reflect that fact,
(Indeed, studies indicate thae there is an invening eifect, wih the
maieriai excavated from the $reaes Jepth appear:ng at the top of the
new surface surrounding the crater.)

Q

Figure 3 ifa body that is differennated into core, manile, and crust
i$ it by 3 substanual other Sody. it may lose crustal matenal only, or
crust and mantle. o7, of course, ¢ may be shattered aitogether. In each
case the debns wiil (3] 3 particular range of orbits only, rather than
conuibule (0 2 general mix 0 the solar system, Another body
dccreing matenal may (hug acqurre di ¢ layers in

regime in the interior is not likely to be similar. If the
Moon’s surface was dominated by internaily caused
effects. combined with only a small amount of later
infail, as many investigators think. then would it not be
4 strange coincidence ‘or Mercury's surface to mateh i
so closely? On the other hand, if these are the surfaces
that result from infall only, then one merely has to
suppose that the interior circumstances did not have a
large share in shaping the outside of either body.

But what can be sajg¢ about the chemical composition
ot the Moon? Can one prove that it was iocally melted
and chemically rearmanged. or could these processes
have taken place elsewhere and earlier, so that already
medified matenal came o Al ia and form the outer
layers of the Moon?

One can certaialy prove tha there has been some
melting on the Moon. Many rocks that were brought to
Earth are crysalline, clearly frozen magmas. But then
such rocks would be expected to be made in the course
of an impact history in any case. The largest impacts,
such as made the huge circuiar basins on the Moon,
must have generated pressure ‘vaves Of such intensity
that a depeh of many kilometres of moiten rock would
have been generated over the area of the basin, Much
later, when an overburden of Jebris had accumulated
over the (rozen magmas, some other impacts wouid Jig
down and Keep brnging samples o this materjal up to
the surface,

But would simple infail not have provided a uniform
material covering the ¢nure Moon? Perhaps some large
pieces that il in may have had their individuality, but
surely the huge amounts of ymall particles must have
<odied the Moon with a amiform mux. How can the
Moon ¢nd uo with as nuch regional vanaton in the
<hemical composition as was Jiscovered? (Plate 24.)

Each time 1 iarge impact junenes 3 huge basin,
matenal is excavated rum 3 great Jepth and rNrown
over the surrounding ireas. \Mare Imbrum, for

-

example. was probably dug down (0 a depth of 150 km
at the instant of the gigantic impact. If any chemical
differences existed vertically from the process of
building up the Moon. then those are converted into
horizontal varations by such an event (Figure 2).
Vertical difTerences can of course result ‘when different
types of material became available ag different times
during the infall periods.

Could the chemical processing of the lunar materials
have happened cisewhere before they built up the
Mocn? Nothing that we have leared so far is able to
rule this out. Meteorites that we find give clear evidence
in many cases of being debris of smashed up planetary
bodies. Some of those bodies must have been hot
enough for much material to have been meited.
Differentiation processes similar to those that happened
on the Earth must have happened on these parent
bodies. One class of meteorites has indeed 2
composition that is quite similar to that of the surface of
the Moon, although not absolutely identical with it. So
here also there is no clear-cut answer to the dilemma.
What meteoritic debris from what particular parent
bodies populated the orbital lanes that made the last
addition to the Moon is a very ditficult matter to assess.
The meteorites we aow find represent only a tny
fraction f :he material that was once there to build the
planets, and it is just the material that remained by
chance on orbits ot Yet swept up by the major bodies.

sses of meteorites might once have
existed or stll exist, but we do not know them because
they have already been Swept up, or because the Earth
does not happen o intersect their orbits at the present
time. Thus, the meteorites also do not give a clear
answer. Chemically differentiated matenal is common
among them now, and may have been c¢ommon in the
early times. Debris from ¢arly collisions must have had
a distinctive chemical composition in each case, and
would have been scattered onto particular orbital lanes,
which were then SWept up in some arbitrary order by
the final bodies (Figure 3),

We are thus left with the basic problem that must
dominate the entire discussion, Is the detailed lunar
chemistry the result of lunar processes, or the result of
the final stages of the building of the Moon? Are we
looking at an Earth.like body that obliterated the record
of its formation process, or are we looking at that record
but, because of its complexity. failing to understand it?

If neither the chemical composiuon nor the overail
ippearance can give a clear answer between these
dlternatives. what other evidence is there to look to? The
subsurface structure can be Jeduced 0 some extent
from the study of the very faiat moonquakes that are
recorded. and also from the seismic signals resulting
from occasional meteorite impacts and from the impacts
of abandoned spacecrait.  Also, radar and other
radio-frequency methods can be used for dJdepth
sounding  of the lunar ground. If the chemical
differentation had occurred on the Moon, ihen one
would imagine that a layer of bedrock of frozen 'ava
would genenally lie underneach the dusty surtace. The
dust wouid only be a coating derived by the pulverising
action of large and small impacts. On that basis, the flat
floors of very many large craters, and of :he low-Iving
reas, are thought o be the 'ava beds. On :he other
hand. if :he surface ‘epresents the Huilld-up of natenai
{rom :nfail. powder 1 vanous stages of compaction may
extend to & depth of many Glometres.

The seismic signals show the Moon 0 Se otaily
diYerent Tom :he Zarth. Firstly, it :s aternally about
(000 ‘imes Juieter: Moongquakes ire weak 1nd rare.
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This of course fits well with the observation that the
surface shows little evidence of distortion, The second
big difTerence is that internaily caused moonquakes
corne (requently. and perhaps predominantly. from a
very great depth. approximately haifway 10 the centre
of the Moon: that is, a depth between 700 and 1200 km.
On the Earth the greas majority of ‘quakes originate
shallower than 60 km and only very rarely have ‘quakes
been recorded from as deep as 700 km. It is thought that
deep earthquakes are rare because the deep material is
hot enough to flow plastically under stress rather than
to break suddenly: this would suggest that the Moon is
cooler inside.

The nature of the seismic signals on the Moon proved
to be most remarkable and quite different from those
that occur on Earth. Here an impact or an explosion 100
km away would generaily produce a characteristic sharp
“first arrival™ signal after perhaps 20 seconds, followed
by the slower transverse waves, with the whole signai
being aver in not much more than a minute. On the
Moon. in the same circumstances, a noisy signal builds
up slowly. with =0 very sharp beginning, takes between
5 and 10 minutes to rise to maximum amplitude, and
then about [ hour to fade away (Plate 23).

What can be so difTerent on the Moon? On the Earth
there is almost everywhere a solid sheet of bedrock that
propagates the seismic signal. This is evidently not the
case on the Moon. Those who believe that bedrock is
present have to say that it is heavily smashed up and
fragmented in a way that it never is on the Earth, so as
l0 create a slow and reverberant transmission medium.
The alternative, very acceptable for the interpretation of
the seismic data. is that a soil, like that found on the
surface. exists (o a depth of several kilometres,
gradually or abrupily increasing in compaction with
depth due to the weight of overburden and the hammer
blows of ¢arlier meteorites.

Earth-based radar gives a clear indication thac there
is not 1 sudden transition from the top soil to broken-up
beu ¢ at a shallow depth. Long-wave radar (at a
wavelength of 7-5 m) would penetrate through the
material of the top soil and show subsurface retlections
down to a depth of at least 100 m and quite possibly 200
or 300 m. (Lunar soil is much more radar transparent
than any terrestrial soil or rock.) Jumbled up pieces of
fock would scatter the radio waves back with an
intensity several times greater than is observed.
Moreover. this rough subsurface would make the Moon
more or less equally retlecting over the whole disk, just
as the rough optical surface makes the full Moon more
or less equaily bright. The long-wave radar. however,
shows the edge to be more than 100 times fainter than
areas closer 10 the middle. The radar Moon is
e¢normously limb-darkened. It is clear thot there
are no large areas on the Moon where a thi layer of the
surface soil overties coarsely broken-up bedrock. The
alternative explanation of the seismic signal. in terms of
deep deposits of a powder variously compucted. would
agree with the madar data. So this evidence fits much
better with the cold accumuiation theory of the surface,
than with the lava ongin. The fact that no bedrock
could be found in any of the Apollo missions wouid
then aiso have a natural explanation,

Some invesiigators belicve that the mere presence of
big Mat areas is sutficient 1o prove that huge lava
outpourings have taken place. They also believe that
some individual features represent the low patterns of
lava, or the outcrops of lava sheets on steep siopes.
Comparabie photagrphy of areas of the Earth thae are
free from sogetation would have left no doubt about the
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existence of many isva flows. The lunar evidence is not
nearly so convincing, Apparent “flow fronts™ of
supposedly congealed lava (Plate 25) are seen on the
flat ground and are regarded dy some asconvincing. On
the other hand. entirely similar flow fronts are seen
around the base of very many remains of old crater,
rims. and for them nothing other than a surface erosion
and transportation process, albeit it of unknown nature,
can be invoked (Plate 26). On a time scale of 44 aeons,
very minor processes can have been sulficient 0 cause
quite large changes in a dusty surface. [t is very difficult
to be sure what moved the dust, although various
clectrostatic processes would scem perfectly adequate:
but it is equally very difficult to be sure that no surtace
migration of dust could have taken place. Another
feature claimed to represent bedrock at 3 shallow depth
is an apparent ledge photographed by the astronaws
when they looked across to the other side of the valley
cailed Hadley's Rille. Again, this evidence is not very
strong. The ledge was not sampled. and may weil
represent no more than a stratification in compaction of
the powder. Compacted powder will give an appearance
of fracture lines and planes that can be very similar to
solid rocks, even though the forces aecessary for the
fracture may have been orders of magnitude sm.ller.
On the opposite side of the argument we have the very
many craters that are of quite remackable perfection,
being accurately round with a perfectly smooth bowd as
the interior surface, and an absolutely level rim (Plates
30. 31). Many of those are in the size range from tens of
metres (0 kilometres. A sheet of brittle rock breaks into
much more erratic patterns,

There are many ouiier lines of evidence that one can
pursue. The slight variations in the local strength of
gravity (Plate 28). measured through the perturbations
of orbiting spacecraft, reveaied the existence of the
so-called ““mascons™, regions of higher density evidently
uanderlying the large, flat-bottomed basins. Such 21
mascon requires the ground at a depth between ten and
3 few hundred kilometres to be quite strong. for
otherwise the region would 1ave sunk deeper in the long
time since its formation, If huge amounts of lava had
been poured out. one vould suspect the ground just
beneath tc have been partly molten. and no rocks would
then have the required mechanical strength. There is a
great problem here with that explanation. white in
terms of 2 basin subsequently filled by surface deposit,
there is no need to think that the deep ground could not
have been cool enough at ail times.

Each of these many points can be debated, and the
dnswers are not yet sure. Just 2s was the case in the early
days of geological investigations of the Earth, one has a
great Jeal of knowledge of facts, but as yet very liule
basic understanding. What we have seen is that the
Moon is dramatically different from the Earth. and that
we must therefore argue out each case from first
principles and not by analogy with terrestrial
invesugations.

The next step must be to find a clear way to decide
between the two basic possibilities discussed here. If the
Moon is a locally differentiated body, as many
investigators believe, the information it can provide is
limited in much the same way as the Earth’s. However,
if its surface material represents the last infail, the
evdence it then provides is perhaps unexpected: Sut a
possibility must not be rejected just because it would
‘¢ach us something we had not foreseen. In that case, we
would hope 1o leam a great deal ‘rom the Moon about
the carly solar system and the construction of the Earth
and the other pianets,
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Plaie 22 This view of the uli Moon, :aken i3 1he Apoito 17 rew
b€2In (0 nead for home. shows 3 13rge nan of its rar side. The striking
smiianty between the iunar surface 3nd 1hat of Mercury (see Figures
2and Jonp ie) rgues for the ireatmem of the (wo surfices Yaving
been Jlike. If boih Surfaces were Manly <haped by svternal efects.
thes vienlanity wouid be expecied The mcenors. lowever. are likely to
he quie Jdifferent, 1ny A0y L0ICAMIC ACtVHY wouid de evoected (o
have heen markedly JiTerenc (in nature, exent. and :aming of
Jeeurrence with respect :o iniail) far the two cases

v &

Pate 23 Lunar cesmic enals are .ery JuTerent rom (hose on
Eanth. The sugnat shown 1n the 109 (race. irom i1 \moact ipprovim-
drely 100 Am away (Apotlo 12 SENMIC experiment). rises siowiv 1nd
‘everherates for ane hour. [n umiare slCumstances on e Earn ne
$4n3l would have been aimost 311 OVEr N (€3 (hIn (wO Minutes. anie
ihe lunar one has only just begun o rse, This dred difference mus
mean the 1brence on the Moon of the good Jiect path for the young
provided an (he Eann by sohd conersnt rock, 1nd rasead a4 <ounyg
Propagangn channel of Very unusuai droperties: Tust fanduct
ound  nuch Llower (han soid fock. ¢ muw wcauer Wund saves ‘o
SIUNE (e “merderaion. (t Mmust Juet soung A8y under ‘Ne .yriace
‘O AL the Snergy 's 20t 'ost 100 Juickly By {FANIMSUON Sownwards:
1t he unuipation of OUnNd waves nust devery ‘OW A yeen laver of
Tompacted powder e ‘Norougniv TMASNES- 49 CaCK YIve “eeq f1s.
cuned “ar this  Afer GV Latham 1ng Jhen, Scrence. .ot .97,
24%%)
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Plate 24 While the Apoilo command module was in orbit around
the: Mooa. i ion aboard it the lunar surface for
ay X-aay {luorescence it might be exbidbiting. The X-.ray energies
were analywed 10 identily the chemi l in the surf;
materials. The swaith across the Moon which the orbical telescope
ined showey Ihe aluminium-silicon abund: ratio fin the top
few millimetres of the surface) (0 have marked regional vanations,
tumini being g iy more abundant on the high ground.
Greater uniformity was cbserved with fexpect [0 moat other elements,
(Diagram (rom Proceedings of ihe Fifth Lunar Science Conference:
Geochi e« C himica Acia. Suppl S, P Press,

Plate 33 A “tlow froat™ that has heen interpreted as a lava Mow
arremed by (reesing. 1t is on 1las tunar 3round. and the step is a few
metres high. The way 1n which craters in (he iTow front are engulfed
but nek filled casis Joubl on any genuine liquid as being (he fluwing
medium, Cralers appear (0 be merely coaied by the “Mow™, and the
eneral cratered urface looks much the ame on hoih sides of the
romt (NASA Luser Orbiter phuco)

Mate 28 Anarea uf Mt “"mare™ wurface frum which protrude ome
Ol and heavily eroded mountaina. .\t the base of each mouniar the
junctin ling with the mare yround has 3 characterisie profile ~ a
“shoulder™ — which must represent matenal that has been muved
Jowahil and tated in (hia | fashion. Some of theve
“ihoulders” hdve 2 very wnuiar appearance v the Now fronis™ of
Plaie 1 wpevrally 10 the manner i which they enguil smail vraters
{NASA Lunar Orbicer phota)
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Plate 23 Graviry map showing mass excess ana mass deficiency over
lunar surface.

This information comes from the very precise observations of the
urbus of <pacecrait,

The map shows that the large circular basins represemt 2 mass
cxcem (“mascons™), despite their lower surfaces Denser material
must underlie them. Mare Orientale, the large feature on the left,
hich lies an the reverse side of the Moon, is 3 basin without much
tiiling. and shows the features (et By the gigaatic impact. If it received
3 surface fill like the other circuiar mana, it would show ihe same
positive gravity anomaly as they.

Density difTerences on this scale nesd not be due to difTerences in
composition. The (unar ground may wall be poroua, a8 it is near (he
vr{ice. 10 depths of many tens of kilometres, before the weight of
overburden would crush out alt porosiy. The floors of Sasins have
been wubjected (0 the large pressuces at the impact, and they will not
have retained any porosity below. A Sasia with 3 Jenser Moor and a
urface fill of one 10 three kilometres would produce the observed
ctTeet

Smail craers are ive gravity f g (0 the
xcavated macenal (Diagram from Proceedings of the Fiith Lunar
S ference. Geoch a G, h Acta, Suppl
5. Pergamon Press. in press),
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Flate 27 Asvronaut H. H. Schavit next to 4 laege splhic bouider.
Rocks encountered by the avrounauss o photographed by the
remute-cuntralied lurar orbiters were atways found as separae meces
‘trewn over the surfacz and usually parily emoedded in the duaty soil,

They appear to have been tossed 10 their present positions oy :mpact
events. No identificauon of cryetalline. rocxs frozen in the place in
which they row are. was made :a ihe course of any of the Apoilo
'andings (Apolio 17 photo)
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Plate 29 Asronaut Jack Schmut at work at the Apoilo 17 landing
sie in the TauruseLitrow area of the Moon. The bach ground consists
of'the South Mussif and Famnly \Mouwaing

Plite 30 Crater Schmidt seven miles across. lies un Ihe western edge
ot Mare Tranguiliiat- (Phato: NASA, Apoto ()

Plate 31 The crater een here. [nternational Astecnomnal Umon
SOR. ties on ihe tunar far qde. It some 20 mites in Jumerer.
Smaller craten tonfy (o the 300 crreutanity displayed by many lunae
mipact features: This and the preceding photograph of vrater Schmidt
soiirm thae onany ersters are remarkably perfect ciccular bow by,
lnpacts i focks usudily generate sinapes 1hat show mare pronvunced
fragture pasterns. nd solid rocks underneath s der wouald resuit in
tedges and sieps in the intenors of craters (Phuto: NASA, A\poHe L1y

Phae 2 This ‘hin section Aerograph of an \polle 11 ample of
unar fock proves that wome of Lhe Mooa's natenal. o teast, s
ssbthiae, The guferent cuioun ire “ere Sroduned By aolaened
WM ernl uuTerent aunerals can ae dissnguished. The phaowgraph
v taken by De Kiaus Kedof the Uinnverins ot New Mot
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Plaie 33

33 Eanhnse over the Moon's horizon, The crescent Earth had

never been glimpsed before man fanded on ihe lunar surface. This

Aae

1 mussion

spectacular photograph was aken Junng ihe Apoilo |

Plae 34 Mars photographed by
Manner 7 in August 1969. The
Plate 36 A great mass of chaotic
terrain with 3 channei (hat (Tows

south polar cap 1s at the bottom of’
ject 13 the giani voicano Olympus

Mons
taries and a highly sinuous course

the prcture. bright ring-shaped ob-
Plate 35 A Manian channel in
the ceniral highlands, Many inou-
charactense this type of channel

R ts

et

Plate 37 A Maman sand dune

field thas 13 aboud 5O km across

into the nonthemn lowland

equatorisl

great
fault vailey wuh 13 Jdiagonal sub-
sidiary vaileys. The vailey 13 about
7S km across aad 6 km deep

Plaze 38 The
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